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Resonane enhanement eets in Raman-enhaning pyramid-like V-shape groove
mirostrutures
Matyas Me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s, Hungary
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hler and Don M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S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Mirosopi pyramidal pits in a reetive surfae, a geometry similar to a retroreetor, are
frequently used to enhane signal strength.The enhanement eet is generally attributed to surfae
plasmons, however, the sub-wavelength to near-wavelength dimensions of the pyramidal 3D geometry
suggest ontributions from diration and near-eld eets. Our theoretial analysis of the light
intensity distribution in the similar (but simpler) 2D geometry assuming a perfet ondutor sreen,
that is, in the absene of any plasmon eets, shows that interferene patterns forming within the
avity ause a signiant resonant inrease in loal intensity. Suh eet an be important for many
appliations, espeially for the widely used Raman spetrosopy. Resonant enhanement without
plasmons of the emitted Raman signal due to enhaned loal eld amplitude is also possible, whih
implies that the geometry pratially implements a Raman laser. Comparison of diration patterns
obtained with near-eld and far-eld approahes reveals that the near-eld omponent is responsible
for the observed dramati intensity enhanement, and thus the Raman enhanement as well.
PACS numbers: 42.25.Bs, 78.67.-n, 42.55.Ye, 42.65.Dr
INTRODUCTION
Miro- and nano-strutured surfaes are frequently
used to implement Surfae Enhaned Raman Sattering
(SERS), where interation of the analyte with the sub-
strate, mostly oupling between surfae plasmons of the
substrate and Raman modes of moleules [1, 2℄, lead to
the multipliation of the Raman signal intensity. Con-
trolling the SERS enhanement, however, has proven
problemati due to the random plasmon distribution.
Nanovoids suh as spheri avities or grooves are
known to host well-dened plasmon modes that inter-
at strongly with inident laser light [2, 3℄. It was thus
proposed that nanovoids might be used to ahieve tun-
able Raman enhanement [4℄. One of the geometries that
performs partiularly well onsists of an array of 1 µm
deep pyramidal pits of ∼90◦opening angle [5℄. Remark-
ably, this mesosale geometry has reeting surfaes of
a distane that sales between a few wavelengths and
sub-wavelength and thus resembles an (unstable) optial
resonator. This raises the possibility that in this par-
tiular ase the enhaned signal is generated by energy
oupling into the Raman ative medium from a high en-
ergy standing wave, pratially implementing a Raman
laser.
While parallel mirror miro-resonators have been stud-
ied before [6℄, the tilted mirror geometry of the pyramidal
pit requires a dierent formalism to aount for dira-
tion and near-eld eets. Importantly, this geometry
might be seen as a speial ase of an aperture (with an
innitesimally small opening at the tip of the pyramid).
Light propagation through sub-wavelength apertures of
various geometries is intensively studied due to the spe-
ial properties of the optial near eld, in partiular, light
loalization and the aompanying intensity enhane-
ment [7, 8, 9, 10℄. While experimental evidene prooves
its existene [10℄, the origin of the intensity enhanement
is ambiguous as some theories attribute it to the exita-
tion of surfae plasmon polaritons [10, 11, 12, 13℄, oth-
ers to intraavity (waveguide) resonanes [14, 15, 16℄ or
other phenomena [17, 18, 19℄. While in the ase of en-
tirely sub-wavelength strutures the omparable spatial
distribution of plasmon- and diration-originated inten-
sities prohibits an easy distintion, the dimensions of the
pyramidal pit permit an attempt at the separation of the
plasmon and diration eets.
When assuming that the aperture is in a perfet on-
dutor sreen, in whih the plasmon frequeny is innity,
purely dirative intensity distributions might be alu-
lated. The formulation we used is based on the near eld
treatment by Neerho and Mur [7, 20℄.We intend to nd
if resonant enhanement does exist in a pyramid-type ge-
ometry, therefore we approximate the pyramidal pit with
a V-slit, thus reduing the dimension of the problem to a
plane, a simpliation that, at the moment, is neessary
for the solution of the problem. Importantly, the V-slit
geometry is known to support standing waves as it an
at as a waveguide; this appliation was disussed in a
number of studies. [21, 22, 23, 24, 25℄
THEORY
In this setion we summarize briey the formulation
used. For further details on a similar model see [7, 8℄.
The onguration is shown in Fig. 1. The slit is parallel
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Figure 1: Aperture model of the pyramidal pit.
to the y axis in a sreen of thikness b. The entrane
width of the slit is a2, the exit width is a1 (in our ase,
a1 → 0). The geometry is divided into three regions: I)
|x| < ∞, |y| < ∞, b < z < ∞, II) |x| < a1 +
a2−a1
b
z,
|y| < ∞, 0 < z < b and III) |x| < ∞, |y| < ∞, −∞ <
z < 0.
An inident plane wave propagating in the x− z plane
in region I arrives at the slit at an angle θ with respet to
the z axis. The time harmoni magneti eld is onstant
and at the same time polarized in the y diretion:
H(x, y, z, t) = U(x, z) exp(−iωt)~ey. (1)
In this ase the eletri eld an be found from Maxwell's
equations, and the diration problem is redued to
one involving the single salar eld U(x, z) in Eq. (1)
in only two dimensions. In the three regions the eld
is represented by Uj(x, z) (j = 1, 2, 3). Due to time
harmoniity the eld satises the Helmholtz equation.
In region I the eld is omposed of three omponents:
U1(x, z) = U
i(x, z) + U r(x, z) + Ud(x, z). Here U i(x, z)
is the inident eld whih is assumed to be a plane wave
of unit amplitude: U i(x, z) = exp[ik1(x sin θ − z cos θ)].
U r(x, z) is the eld that would be reeted without a
sreen: U r(x, z) = U i(x, 2b − z). Finally, Ud(x, z) is the
dirated eld produed by the presene of the slit.
For a perfetly onduting sreen, the tangential E
vanishes at the surfae (∂nU = 0). Further boundary
onditions result from assuming that the dirated elds
and their derivatives vanish at innity. The nal bound-
ary ondition is the ontinuity of the eld and its deriva-
tive at the upper and lower slit boundaries. To nd the
eld, the 2D Green's theorem is applied with one fun-
tion given by U(x, z) and the other by a standard Green's
funtion. We assumed that the tangential E vanishes at
the sreen; therefore more is known about ∂nU at the
boundaries than is known about U itself. The Green
funtions for the V slit geometry an be found in [26℄.
The following boundary onditions are imposed on G:
∂zG1(x, z)|z→b+ = 0 for |x| <∞, (2a)
∂zG3(x, z)|z→0− = 0 for |x| <∞, (2b)
∂xG2(x, z)|
x→
“
a1+
a2−a1
b
z
”
− = 0 for 0 < z < b, (2)
∂xG2(x, z)|
x→
“
−a1−
a2−a1
b
z
”
+ = 0 for 0 < z < b. (2d)
G1 and G3 must also satisfy the Sommerfeld radiation
ondition. Using these assumptions and onditions we
may evaluate the three Green's funtions. In regions I
and III we nd
G1(x, z;x
′, z′) =
i
4
[H
(1)
0 (k1R) +H
(1)
0 (k1R
′)], (3a)
G3(x, z;x
′, z′) =
i
4
[H
(1)
0 (k3R) +H
(1)
0 (k3R
′′)], (3b)
where
R =
√
(x− x′)2 + (z − z′)2, (4a)
R′ =
√
(x− x′)2 + (z + z′ − 2b)2, (4b)
R′′ =
√
(x− x′)2 + (z + z′)2. (4)
In region II, the method of images an be used:
G2 = πi
∞∑
n=−∞
{
H
(1)
0 [k|~r −
~r′n|] +H
(1)
0 [k|~r −
~r′′n|]
}
, (5)
where
~r′n and ~r
′′
n dene a series of images reeted by the
walls. The projetion of an arbitrary point (x′, z′) on the
wall:
x× =
z′ + x′ tanα+ a1tanα
1
tanα + tanα
, (6a)
z× =
1
tanα
· (x× − a1). (6b)
From this the oordinates of the mirrored point are xM =
2x× − x
′
and zM = 2z× − z
′
. A series of images of the
original point might be generated with the rotation of
the points by 4nα (n being the number of rotation).
By using the denitions of the Green funtions in the
three regimes and the boundary onditions, one an nd
3the funtions Ud, U2, and U3:
U
d(x, z) = −
a2Z
−a2
ǫ1
ǫ2
G1(x, z; x
′
, b)DUb(x
′)dx′
for b < z <∞, (7a)
U3(x, z) =
a1Z
−a1
ǫ3
ǫ2
G3(x, z;x
′
, 0)DU0(x
′)dx′
for −∞ < z < 0, (7b)
U2(x, z) = −
a1Z
−a1
ˆ
G2(x, z;x
′
, 0)DU0(x
′)
−U0(x
′)∂z′G2(x, z;x
′
, z
′)|z′→0+
˜
dx
′
+
a2Z
−a2
ˆ
G2(x, z;x
′
, b)DUb(x
′)
−Ub(x
′)∂z′G2(x, z;x
′
, z
′)|z′→b−
˜
dx
′
|x| < a1 +
a2 − a1
b
z and −∞ < z < 0, (7)
where the boundary elds are the same as in [7℄:
U0(x) = U2(x, z)|z→0+ , (8a)
DU0(x) = ∂zU2(x, z)|z→0+ , (8b)
Ub(x) = U2(x, z)|z→b− , (8)
DUb(x) = ∂zU2(x, z)|z→b− . (8d)
By applying the ontinuity equations to these funtions,
a set of four integral equations an be found. We solved
the equations for Ud, U2, and U3 numerially.
RESULTS AND DISCUSSION
We analysed the light diration in region II for sev-
eral laser wavelength in the range that is frequently used
for Raman spetrosopy. A typial result is shown on
Figure 2 for λ = 534 nm. Similar resonant intensity
enhanement was observed for all wavelengths. This en-
hanement is due to redistribution of eletri harges (i.e.
not plasmons) on the sreen surfae leading to standing
wave formation with enhaned amplitude. The presene
of the standing waves onrms that the geometry ats as
an optial resonator.
Another interesting feature is the formation of vorties
in the avity (Figure 3). These vorties appear approxi-
mately at z ≈ nλ/2, where n = 1, 2, 3, . . . It is important
to note that at the surfae the eletri eld vetors are
mostly parallel to the walls. Thus, when onsidering the
interation with the Raman ative material, the enhane-
ment of dierent modes should our in omparison to
plasmon-enhanement where the eletri eld is mostly
perpendiular to the surfae.
Far-eld theory also predits the standing waves and
the vorties (Fig. 4), however, a few remarkable dier-
enes justify the use of near-eld theory. First, at the
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Figure 2: Ex and Ez eletri and Hy magneti eld dis-
tributions, and the eletri eld vetor in the V-groove for
λ = 534 nm.
Figure 3: Eletri eld vetors for three wavelengths: 434 nm,
534 nm and 634 nm.
slit entrane (z → b−) a strong intensity suppression an
be observed (see Figs. 5 and 3) that annot be seen in
the ase of a marosopi slit with the same geometry
(see Fig. 4). Notably, far-eld diration theory used to
alulate intensity distributions in marosopi objets
does not ontain the dirative omponent that auses
the suppression. Seond, the maximum eletri eld o-
urs at the apex of the V-shape that onrms the obser-
vations of Suzuki et al [16℄.
A omparison of the energy ux: x and z omponents
4Figure 4: Ex and Ez eletri and Hy magneti eld distribu-
tions (far-eld theory) λ = 534 nm.
of the Poynting vetor are depited in Figure 5. It is
important to note that, while the standing waves appear
at distanes that satisfy the nλ/2 riterium for the on-
seutive wavelengths, the values of intensity maxima of
the standing waves are strongly wavelength dependent.
This dispersion eet might inuene the eieny of
Raman-enhanement in these strutures when using dif-
ferent laser wavelengths, and ould be used for the ex-
perimental veriation of the preditions of the alula-
tions. Note that enhanement at dierent wavelengths
is not the same for eletri eld omponents and Poynt-
ing vetor omponents, e.g. Poynting vetor shows no-
table enhanement for λ = 534 nm in omparison with
λ = 434 nm or λ = 634 nm while for the same wave-
length the maximal value of the eletri eld vetor is
the smallest.
In summary, theoretial analysis of light diration in a
sub-wavelength to near-wavelength V-groove in a perfet
ondutor sreen was performed by using near-eld ap-
proah. It was shown that the geometry ats as an optial
resonator where the intensity enhanement is determined
by the near-eld eets, i.e. without plasmons. The eld
vetors form vorties around the intensity maxima, being
mostly parallel to the walls of the groove, whih deter-
mines the Raman modes of surfae bound moleules en-
haned in this onguration. The intensity enhanement
is wavelength dependent, thus dierent laser wavelengths
might lead to dierent Raman enhanement when using
this geometry. Comparison of results obtained with near-
eld and far-eld approahes reveals that the near-eld
omponent is responsible for the observed dramati in-
tensity enhanement, and thus the Raman enhanement
as well.
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